Introduction
Genetic manipulation of tumours is an attractive proposition to those involved in cancer therapeutics. Traditional therapies such as chemotherapy and radiotherapy rely on an ability to affect cellular replication and survival, usually by causing DNA damage or impairing the orderly progression of normal cell-cycle events. However, the poor response rates of some tumour types to conventional therapy and a desire for more efficient, pin-point tumour destruction has led to a proliferation of 'targeted' agents against specific proteins known to be involved in the pathogenesis of cancer. These drugs may act on pathways implicated in cancer cell growth, survival and immortalization, blood supply or spread. These targeted agents aim either to exert a direct cytotoxic effect or to act as 'sensitization' agents for other therapies. As with all therapies, the aim is to develop an agent with maximal efficacy against tumour cells but with minimization of the deleterious effects on normal human tissue and consequent toxicity.
At the root of all tumours is a set of mutations in the genome of the malignant cell that causes it to behave differently to the surrounding genotypically normal cells. Therefore, approaches that can selectively alter the proteins expressed by cancer cells 1 or exploit metabolic differences between them and normal cells to allow virus propagation are attractive. The first of these uses DNA as a quasi-therapeutic molecule that does not exert a direct anti-tumour effect but, rather, is transcribed and translated into a protein product that can mediate tumour cell death. Classical examples of this type of gene therapy include restoration of tumour suppressor gene function, abrogation of oncogene activation, direct provision of endogenous or exogenous genes that have a direct cytoreductive effect and gene delivery to induce anti-tumour immune responses. 2 However, in the last decade, it has become clear that certain abnormalities in signal transduction pathways in cancer cells make them fertile soil for the infection and replication of a range of viruses. A number of these viruses (such as adenovirus, alphaviruses, herpes simplex virus, measles virus, reovirus, vaccinia virus, vesicular stomatitis virus) show tumour-selective replication and cytotoxicity-properties that have been recognized by the collective term 'oncolytic viruses'. 3 In this situation, the genetic material of an oncolytic virus can act therapeutically simply by directing the normal lytic viral life cycle in tumour (but not normal) cells. In addition, such viruses can be genetically manipulated to arm them with additional classical gene therapy capabilities (as detailed above).
With replication-competent agents, the normal viral life cycle means that an absolute requirement of viral function is to infect cells and subjugate them to the task of replicating viral genomes and proteins. Genetic manipulation techniques allow researchers to alter the genome of viral particles to include genes encoding for specific proteins or other moieties. In the case of 'suicide' gene therapy, the product of the novel DNA is cytotoxic, or can be combined with an inert, co-administered substance to produce an anti-tumour effect in both transduced and untransduced (bystander effect) cells. 4, 5 However, viruses need not be limited to the role of mere molecular delivery agents. Some viruses possess, as part of their life cycle, an ability to lyse host cells and, thereby, have the potential to be used as direct cytotoxic agents in their own right. 6 Finally, viral infection of host cells can produce a potent immunostimulatory effect as the host begins to counter infection and, if this can be harnessed to alert the immune system to the presence of a tumour by exposure to tumour-associated antigens that are present within a mutated cell, the induction of host anti-tumour immunity becomes feasible. Such an approach has shown limited success in the context of tumour vaccines. 7 In addition to direct effects, viruses have shown an ability to be complementary to existing therapies. Oncolytic Reovirus, among others, has shown promise as a sensitizer to radiotherapy, 8, 9 and similar effects have been observed with cytotoxic chemotherapy. 10, 11 Administration of an oncolytic virus has also been shown to prime immune responses in distant lymphatic organs. 12 The ideal viral vector should have a number of characteristics. First, it should be easily administered in a similar manner to existing agents-intravenous (or intravascular) delivery is ideal. It should exhibit a targeted effect that is limited to tumour cells and carry minimal threat to normal tissue. Next, it must be possible to administer viral titres that can treat both primary and metastatic diseases (or there must be sufficient in vivo viral replication/amplification to achieve this goal). The virus or its vehicle must evade non-specific immunemediated degradation. Finally, it should be able to prime host anti-tumour immune responses. Although some of these facets are functions of the virus chosen, others can be modulated by the method of administration. 13 As yet, systemic administration of oncolytic viruses has not fully lived up to the promise suggested by preclinical studies, because of the difficulties inherent in the systemic administration of the virions. These include non-specific absorption and destruction by the reticuloendothelial system and specific immune response (antibody neutralization) brought about by the previous immunity of subjects to such agents.
The role of the immune system in the context of oncolytic therapy is complex. On the one hand, immune destruction of virus after systemic administration may significantly reduce doses reaching tumours; 14 on the other, a functional immune system is vital for maximal anti-tumour effect, with CD8+ and Natural Killer cells paramount. 15 Although de Wilt et al. 16 noted an increase in systemic histamine levels and both systemic and intratumoural leukocytosis after isolated limb perfusion (ILP) in rats, there exist little data to quantify and define the immune response after locoregional viral administration. However, given the increasing recognition of the central role of immune modulation, it is well described for both intravenous and intratumoural injections. After intratumoural injection, a rapid acute inflammatory response results in high levels of inflammatory cytokines both locally within the tumour and also at regional lymph nodes. This is followed by a significant increase in T-cell activation, with specificity for the dominant viral antigens most easily detected. These effects are likely to be tumour type specific, and do not always depend on the ongoing intratumoural viral replication. 15 Similar increases in intravenous cytokine levels and T-cell activation are encountered after systemic administration, but alongside these, comes the development of neutralizing antibodies, which are seen at day 5 and peak between 7 and 14 days after viral administration. 17 Clearly, after isolated organ perfusion, a degree of immune stimulation is not only inevitable but also desirable. Further studies evaluating the timing, magnitude and modulation of this response by locoregional administration techniques will be essential.
In the Aethiopis, attributed to Arctinus of Miletus, Achilles is finally killed by Paris's arrow, directed at his one spot of weakness-his heel, which was not immersed in the River Styx. Systemic therapy represents a sheaf of arrows fired in the hope of hitting the appropriate target within tumour cells; however, isolation perfusion may offer a mechanism by which our therapeutic 'arrows' can be better directed to the weak point(s) of tumour biology that they seek to exploit.
The role of surgery in viral tumour therapy: locoregional perfusion Many patients with cancer undergo surgery. In most cases, this is with curative intent but it has long been recognized that a group of patients will already have micro-metastatic disease at presentation that is not detectable by current clinical and imaging assessment. 18, 19 The presence of such metastatic disease is universally associated with a poorer prognosis. There is also a role for surgery in a palliative setting, when disease resection can be beneficial in terms of quality of life or local disease control. 20 The most obvious example of this latter group is provided by patients with severe in-transit disease (AJCC (the American Joint Committee on Cancer) stage IIIb or above 21 ) from malignant melanoma. No intervention, from adjuvant therapies to sentinel lymph node biopsy and elective nodal dissection, 22 has been shown significantly to increase survival in this group. However, the surgical procedures that the patients undergo, including ILP, for which this is a major indication, may open up new avenues for administration of viral agents.
Isolated locoregional perfusion has been a useful concept in cancer therapeutics for many years, since Creech et al. 23 published their early experiences in 1958. Subsequently, others have described the necessary features for successful perfusions, and the scope of treatment has widened from the initial limb perfusion to
Locoregional intravascular viral therapy of Cancer T Pencavel et al include single-organ perfusion. 24 Briefly, perfusion could be considered possible in any end organ in which the arterial inflow and venous outflow are provided by vascular systems that can be easily controlled. This is particularly true in the post-cytokine era; tumour necrosis factor-a (TNFa) was first introduced into the perfusion system by LeJeune and colleagues 25 in the 1990s, but given its extremely severe systemic side effects, requires effective control of both sides of the perfusion and hence reduction in systemic leakage. The agent of interest is administered by addition to the perfusate within the reservoir (Figure 1 ). It should be noted that the presence of multiple inflows, as occurs with the portal system in hepatic perfusion, is not per se a barrier to perfusion but increases the technical difficulty in both animal and human subjects.
As perfusion is not limited to organs but rather to an area with a defined inflow and outflow, free tissue flaps, which are commonly used by plastic and other surgeons in the reconstructive process after radical surgery, are also potential targets for intravascular therapy. 26 A further theoretical attraction of this approach is that transduction of a flap with virus may provide a mechanism for local action on microscopic residual disease beyond the flap at the tumour bed and, hence, reduce local recurrence. Overall, animal studies have shown that the effective concentrations of a chemotherapeutic agent achievable within target organs by perfusion-type systems are typically 15-25 times those tolerated in systemic administration, [27] [28] [29] [30] [31] in which dosages are limited by systemic toxicity. The maximum level of chemotherapeutic attainable within the tumour is heavily dependent on the physical and temporal characteristics of perfusion. Maximal doses are achieved after bolus injection into the perfusate reservoir during ILP at 38-41 1C. This provides a 60% advantage over normothermic perfusion and 'split-dosing', wherein melphalan is administered throughout the perfusion as a series of fractional doses. 32 However, hyperthermia also increases the locoregional toxicity of cytotoxic agents, such that moderate hyperthermia of 38-39 1C is the aim of clinical perfusion. In addition, because the isolation and subsequent washout of vessels effectively eliminates systemic exposure, additional vasoactive factors such as cytokines can be added to increase vascular permeability at the site of the tumour. 30, 31 Such cytokines are profoundly toxic when administered systemically, but are well tolerated during isolated perfusions assuming that systemic leak is prevented. Despite the theoretical advantages of isolated organ perfusion described (Table 1) , several randomized trials of locoregional administration versus systemic therapy have failed to show benefits in terms of increased longterm survival. This is true both in the prophylactic setting 33 and in the treatment of hepatic tumours by repeat hepatic artery infusion (HAI). 34 Thus, although impressive local response rates are observed, 35, 36 there is currently a difficulty in converting the theoretical advantages of locoregional perfusion into long-term clinical improvements. However, currently, ILP has been adopted as a treatment strategy across much of Europe for locally advanced sarcoma and melanoma. Regional perfusion in other areas is lagging behind ILP, but recently has been used clinically in the pelvis, 37 liver 38 and, in related forms, the brain. 39 In addition, isolated limb infusion is growing in clinical application in Australasia 40 and other centres. 41 In viral therapy, the potential for protection of virus from the systemic immune system for the duration of the perfusion, combined with the ability to artificially modify the tumour vasculature and increase intratumoural penetration of viral agents, offers a hope for increased infection of target tumours. TNFa is not the only cytokine that has shown synergy in vivo with chemotherapeutics, with a similar effect seen with interleukin-2. 42 In addition, interleukin-2 has been used in systemic administration trials to provide immunomodulation and further enhance viral efficacy. 43 It is 
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possible that other substances, such as histamine, which has synergistic effects in perfusion model systems with chemotherapeutic, 44 may also enhance viral action. Isolation perfusion offers a mechanism to increase the doses of these vasoactive substances without deleterious systemic effects, and the complex interactions between cytokines, viruses and chemotherapeutics may be best elucidated in such models.
Other locoregional administration techniques
In addition to isolated organ perfusion, the advances in interventional radiology have opened up new avenues of locoregional perfusion therapies. Intra-arterial infusion, whereby a therapeutic substance is injected directly into the artery supplying the organ (and tumour), shares many of the characteristics of perfusion but has a few obvious drawbacks. 24, 45 First, although high 'first-pass' concentrations can be achieved at the tumour site, the agent is rapidly diluted within the systemic circulation and there is minimal protection from metabolic (for chemotherapeutic agents) or immune destruction in subsequent circulation. The use of balloon exclusion catheters has also been considered. Although the principles are similar to ILP, in practice, these catheters can only exclude single vessel flow. Therefore, although some initial promise was seen in animal studies in pig models, human procedures were rapidly abandoned after significant leakage was observed through collateral circulation in an attempted pelvic perfusion. 24, 46, 47 The difficulty was likely to have been control of the venous return; as application of a tourniquet to the supra-and infra-hepatic vena cava necessitates a laparotomy, the minimally invasive benefits of a balloon catheter approach would have been negated. It may be possible to adapt the approach for ILP, in which the collateral venous return is controlled using a tourniquet.
A further approach to locoregional administration is the use of intraperitoneal delivery for chemotherapy in patients with peritoneal surface disease in various primary tumour types. Intraperitoneal delivery of chemotherapeutics has been used for some time, 48 but peritoneal perfusion is now being adopted into clinical practice with increasing regularity. At present, various chemotherapeutic agents (determined by tumour type) are administered, either concomitantly with traditional cytoreductive surgery or in the adjuvant setting after insertion of perfusion cannulas at laparotomy. A similar perfusion system to that followed in ILP is used, with flow rates of 1 l min
À1
. 49 Three randomized controlled trials showed improved median survival in patients with ovarian carcinoma after intraperitoneal administration [50] [51] [52] and subsequent experience has shown similar improvements for peritoneal surface disease of appendiceal, colorectal, gastric, small bowel and sarcomatoid origin, as well as in abdominal mesothelioma. 53 The main concern preventing the uptake of this procedure has been the potential for major morbidity and mortality, as well as availability of high-volume centres with appropriate multi-disciplinary experience. A review by Chua et al. 54 points out the similarity between the morbidity and mortality of HIPEC (Hyperthermic IntraPEritoneal Chemotherapy) with that of a Whipple procedure, which was similarly pilloried for excessive complications at its inception. Mortality rates between 0.9 and 5.8%, with a surgical morbidity of 12-52%, can be achieved. The average intensive care unit stay is 1-5 days, with a total hospital stay of 7-48 days. 49, 55 These figures are not wildly removed from those for major upper gastrointestinal and hepatobiliary oncological surgery, and the survival advantage gained is equivalent or better. For ovarian carcinoma, median progression-free survival improves from B22 to 28 months, with a gain in median overall survival from 49.7 to 65.6 months. [50] [51] [52] As would be expected, response and hence survival rates vary with primary pathology and resection status, but similar gains are observed in other primary tumour types 54 (Table 2) .
Gene therapy in isolated perfusion models
The majority of data about the feasibility of an isolated perfusion approach to tumour virotherapy comes from animal models. This is predominantly because the surgical techniques for more complex human organ perfusion have only relatively recently made the transition from long-standing animal model to human 
Technical features of viral isolated perfusion
Many fluids have been used in perfusions, ranging from simple crystalloid solutions (saline, Ringer's Lactate) to complex colloids, such as the UW (University of Wisconsin) solution. The UW solution was developed for cold perfusion of transplant organs and, therefore, many papers evaluating viral delivery with this fluid use transplantation models. However, it would seem likely that some of these results will transfer to the cancer therapy setting. Henry et al. 65 evaluated the additional benefit of hydroxyethyl starch as a colloid to viral transduction in the setting of cold-perfusion preservation of liver transplants, and discovered that the hydroxyethyl starch solutions increased viral transduction threefold. This effect could be abolished by the electrochemical neutralization of perfusion solution, making it likely that the slight negative charge of the UW solution at physiological pH was responsible for the increased transduction. Another advantage of colloids as perfusate fluid is the reduction in tissue oedema, as a result of the increased intravascular oncotic pressure exerted by large molecules. The use of fluid as the perfusate base represents a further modification of viral delivery. Baker et al. 66 summarized the interaction of adenovirus with blood components, and work in our own laboratory confirms that vaccinia associates with the cellular component of whole blood, rather than being free in the serum (Pencavel T et al., unpublished observations). Thus, the relatively hypocellular nature of the perfusion field may confer a transduction/infection advantage for viral vectors.
'Standard' ILP in both human and animal subjects uses hyperthermia, which has been shown to increase the cytotoxicity of perfused agents at temperatures between 38 and 41 1C. Although few studies have evaluated the effect of temperature on efficiency of viral infection, one study did note that hypothermia at 4 1C was associated with a decrease in efficacy. 67 This was believed to be due to the decreased kinetics of physical interactions between adenovirus and integrins on the cell surface seen at temperatures below 10 1C. 68 Hyperthermia at 41.5 1C in a mouse tumour model also increased specific tumour uptake of Vaccinia virus within tumours by 100-fold. 69 Therefore, hyperthermic perfusion of an organ or limb is likely to increase tumour Locoregional intravascular viral therapy of Cancer T Pencavel et al viral uptake, while at the near-physiological temperatures used clinically there would be minimal effect on viability. Perfusion pressure may also be important. Large particles, such as Sendai virions, can be 'forced' through narrow vascular openings by increasing the perfusion pressure. However, in the experimental setting, pressure must be closely controlled as it may alter outcome measures independently of viral effects by inducing pressure-related tissue necrosis 70 and increase treatment toxicity. 71 The final factor in perfusate composition, the viruses themselves, can be presented in a number of different ways to increase efficacy. Both oncolytic and vector strategies have been reported, with neither approach showing greater in vivo promise than the other. Doses of any vector below 1 Â 10 5 have not been shown to be effective, whereas the highest tolerated dose, 1 Â 10 12 p.f.u. (plaque-forming units) of a replication-deficient adenovirus, represents a similar dose to that tolerated systemically.
72,73

Specific organ perfusion
Gene therapy is a relatively new development and many studies, both animal and human, have been directed at direct local or systemic administration. Thus, although 65% of gene therapy trials are currently directed at cancer therapeutics, 74 a very limited number of these have used locoregional administration techniques, probably because they represent complex methods with only a small number of institutions worldwide performing perfusion procedures in humans. However, it is possible to extrapolate data from related fields to malignant disease, which in combination with published anticancer studies provide an indication of the potential utility of perfusion in this setting.
Isolated hepatic perfusion
Hepatic perfusion is an attractive prospect as it provides a mechanism to treat unresectable metastatic disease, for example, from colorectal cancer, as well as primary hepatocellular carcinoma. 64, 75 Isolated hepatic perfusion (IHP) is more technically demanding than ILP, as major venous structures are harder to control surgically (Figure 2 ), given their relatively fragile thin vessel walls and the ensuing potential for problematic haemorrhage. In IHP, both the portal and vena caval systems must be controlled; however, this can be accomplished both ex vivo and in situ.
In general, two modelling systems have been used for IHP. The first, classical method involves cannulation of the hepatic artery and portal vein, with venous return through the vena cava. Viral administration occurs either through the arterial or portal inflow. A second method used is intrasplenic injection, using the spleen as a portal 'reservoir' to provide virus. This method is more practical in mouse models than IHP because of the size of the vessels involved, and, hence, allows for easier use of nude animals and a greater range of tumour types. de Roos et al. 76 compared the two methods of administration using a hepatotropic adenoviral vector for transfer of a luciferase reporter gene under the control of a CMV (cytomegalovirus) promoter. The dose administered was 2 Â 10 9 p.f.u. in both cases. Although both methods achieved some infection of hepatocytes, the degree of marker protein production was significantly improved by hepatic perfusion compared with splenic injection and was more reliable. Extrahepatic spread, quantified by extrahepatic luciferase expression, was found in both groups but at a lower level in the IHP group. In particular, activity within the testes of the rats was 10-fold lower after IHP than splenic injection, implying a reduced risk of germline transmission or mutation.
Similarly, Nomura et al. 77 compared systemic administration through the tail vein with intraportal delivery through the spleen of an oncolytic herpes simplex virus agent against colorectal metastases. They described a significant increase in survival with both methods, with a concomitant reduction in metastatic burden as measured by liver weight. Although not a significant difference, liver weight was, on average, lower in the portal injection group. Assessment of viral load within metastases by quantitative PCR showed a higher viral load in the portal administration group. This provides some evidence for the ability of locoregional administration to avoid nontarget site attenuation and provide a higher viral titre to the tumours. Interestingly, both they, and others, found no evidence of extrahepatic viral infection. Indeed, a study with a replication-competent murine leukaemia retrovirus armed with yeast cytosine deaminase found virus by PCR only within the metastases. 78, 79 These studies indicate the ability of a locoregional technique to produce specific infection within tumour cells, with minimal non-target site infection, at higher levels than systemic administration. Further proof of this hierarchy of administration methods was provided in an analysis of the administration of armed adenoviral vectors encoding LacZ or anti-p21ras antibody by intratumoural injection, IHP, HAI or intravenous infusion. 80 The model used was hepatic colorectal cancer metastases. The greatest level of infection was provided by intratumoural injection at 5%, with IHP providing 2-3% infection of target cells. No infection was seen after single or multiple HAI or intravenous administration, although there was some evidence of infection of tumour vasculature after multiple HAI. However, the active virus (anti-p21ras antibody encoding) only produced an objective tumour response after five administrations by HAI, likely to be due to its effects on the tumour vasculature rather than a direct anti-tumour response.
Isolated limb perfusion
Clinically, ILP is used predominantly for the treatment of melanoma and sarcoma. 36 In the laboratory environment, it provides an easier method of assessing locoregional delivery than IHP as the vessels cannulated (the femoral artery and the vein) are accessible without a laparotomy, are generally of sufficient size as to be cannulated relatively easily with the aid of a standard operating microscope and, because of the field of perfusion, tumours treated tend to be intramuscular or subcutaneous and hence amenable to non-invasive, in vivo imaging techniques for the assessment of tumour response. Isolation of the collateral supply of the limb is accomplished using a tourniquet, removing the need for surgical control of additional vessels.
Isolated limb infusion is a closely related technique during which smaller cannulas are placed under
Locoregional intravascular viral therapy of Cancer T Pencavel et al radiological guidance and a non-oxygenated low-flow circuit is used. 41, 81, 82 However, it has the disadvantage that in the clinical setting, it can only be used to administer cytotoxic agents and vasoactive agents such as TNFa cannot be used. 83 Therefore, its applicability in viral models is more limited than ILP.
Viral infection studies require a reliable standard of infection with which to compare infection by alternative routes. In the context of ILP, with its cutaneous or intramuscular tumour location, this function is normally fulfilled by intratumoural injection of virus. However, the attraction of organ perfusion is the possibility of a more homogeneous spread of exposure to virus as a result of the use of the tumour's own vasculature as a distributory network. 84 This has been shown to be the case in the setting of ILP using an armed adenoviral vector encoding a cytokine, with routes of administration including ILP, intratumoural injection and intravenous infusion. The dose of vector used ranged from 1 Â 10 5 to 1 Â 10 9 p.f.u. No response was seen at the lowest doses. However, at higher doses, no effect was seen on tumour growth when virus was administered intratumourally or intravenously, compared with a response rate of 4 of 9 animals (44%) by ILP to a rat osteosarcoma and 89% to Locoregional intravascular viral therapy of Cancer T Pencavel et al the BN-175 soft tissue sarcoma line. Interestingly, the effect of melphalan with virus perfusion was not significantly different from that of melphalan with TNFa. 16 On the basis of published evidence of synergy between melphalan and TNFa, 85, 86 the latter strategy has become routine in clinical practice, and although no direct evidence has yet been found of synergism between virus and TNFa, any increase in viral penetrance by co-administration of cytokine may increase the overall response rate to perfusion. Other groups have since confirmed that the expression of virus-encoded marker protein within tumours is indeed more homogeneous than the 'needle-track' pattern identified after intratumoural injection. 87 With regard to the biodistribution of viral products after ILP, most studies demonstrate little, if any, infection outside the perfusion field, with the exception of detection of hepatotropic adenoviral products in the liver in one study. 88 In their efforts to define an optimal administration method for viral therapy using an adenoviral vector encoding luciferase or LacZ at a dose of 1 Â 10 9 p.f.u., de Roos et al. 89 defined a perfusion period of 15 min. They described a greater homogeneity of tumour infection, associated with significantly less non-target 'leakage' than was seen with intratumoural, intravenous or femoral artery infusion systems. This study also showed strong tumour selectivity to the viral agent, with much less muscular infection when compared with tumoural titres.
Perhaps the study with the most immediate applicability to human systems was performed at the National Institute of Health, where rhesus monkeys were perfused with varying doses and types of vaccinia virus. 90 As none of the monkeys had tumours implanted, vaccinia, which underwent preferential replication only in tumour cells (that is, tumour-selective strains), could not be used as a model in studies attempting to evaluate the systemic toxicity of locally administered, actively replicating virus. Hence modified, replication-competent WR (Western Reserve) vaccinia with a LacZ gene insertion (vF13) was used as a surrogate. This strain is capable of rapid replication in normal tissues. Toxicity after systemic administration was established both for this strain and a double-deleted tumour-selective virus (vvDD). Unsurprisingly, a relatively low dose (1 Â 10 8 p.f.u. intravenously) of the vF13 strain proved fatal, with systemic features of pox infection. However, the tumour-selective virus did not cause systemic manifestations at the same dose. After ILP with vF13, the cutaneous pox lesions were restricted only to skin below the tourniquet and did not spread proximally in subsequent days. Toxicity after ILP with vvDD occurred in the form of a rash limited to the perfusion field in an animal perfused at 1 Â 10 10 p.f.u., equivalent to a systemic dose, but only low levels of virus were recovered from the rash. Finally, the effect of previous vaccination was evaluated and proven to be reversible if perfusion was carried out after 'wash out' of native blood and proceeded using donated blood from a nonvaccinated animal. This exhaustive series of experiments holds valuable lessons for those planning viral therapy studies in human subjects; first, perfusion seems to offer a safer method of administration, even of wild-type viruses, than intravenous systemic administration; second, the viruses are restrained within the perfusion field and do not show any ability to move beyond that field in non-human primates; third, the doses administered through ILP, although directly comparable with systemic doses, are better tolerated; and finally, the perfusion system can be modified to optimize tumour penetrance.
Cardiovascular and pulmonary perfusion
Malignant disease of the cardiovascular system is among the rarest cancers known, and therefore modelling systems evaluating anti-tumour efficacy are not generally used. However, it is possible that viral therapy could be targeted against tumour vasculature rather than malignant cells themselves, and therefore lessons learnt from perfusion of transplanted pig hearts and isolated sections of the carotid artery may be instructive. In particular, O'Donnell and Lewandowski 72 evaluated the transduction efficacy of AdV.CMV.LacZ in normal pig cardiac muscle by three mechanisms: aortic cross-clamp with 'indwelling' perfusate fluid (that is, the perfusate is not circulated but administered and then washed out), perfusion of the coronary vessels and perfusion of the coronary vessels after a wash-out period of host blood, in which the coronary vasculature was first purged of native blood cells by a brief period of saline perfusion with the effluent being discarded rather than re-circulated. The last approach is supported by analysis of the effects of blood on adenoviral vectors. 66 They found viral product expression in 5, 23 and 58% of perfused cardiac smooth muscle respectively, but it must be noted that the second method produced the greatest homogeneity of transduction. In addition, only the first method led to the extracardiac detection of virus. Transduction rates of 23% have also been reported elsewhere, 67 this time in the context of hypothermic perfusion, and the authors admit that the hypothermic perfusion sacrificed some transduction efficiency to improve the model's relevance to clinical transplantation. Finally, transduction rates of an alkaline phosphatase ALP-producing adenoviral vector of up to 35% were seen in the smooth muscle of carotid vessels of rabbits after an indwelling method was used. 91 The authors noted no correlation between the length of viral exposure and transduction, but again a higher pressure was linked to greater viral gene expression. These studies demonstrate the ability of viruses to target the vasculature as well as tumour cells and, hence, may have wider implications for tumour therapy. All these studies were evaluating transduction/infection of the smooth muscle (either cardiac or vascular). However, there is evidence to suggest that viral infection in the context of tumour therapy may mediate some of its effects by infection and consequent destruction of the vascular endothelium. 92 This is an effect that is likely to be increased when combined with cytokines which themselves possess an anti-tumour-associated vasculature effect.
In a study of herpes simplex virus acting against sarcoma metastases within the lungs, liver and bladder, Brooks et al. 93 used both indwelling and perfusion methods. Despite initially starting with indwelling solutions of virus within the lung, this approach was abandoned when it became clear that both tumour and normal cells were adversely affected by the hypoxic period. Therefore, continuous perfusions were performed, with successful reduction in tumour burden as assessed by nodule count in the perfused compared with the non-perfused lung. They found no difference
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Conclusions
Pre-clinical studies have identified isolated organ perfusion as a successful modality for the infection/transduction of cells within the perfusion field (Table 3) . By controlling the physiological parameters of the perfusion circuit, viral extravasation and therefore cellular infection can be manipulated to provide the optimum conditions for anti-cancer therapy. These mechanisms may therefore lead to more widespread applications of gene therapy for cancer that have been promised by encouraging early in vivo trials and provide another element in the armamentarium of surgeons and oncologists in the clinic.
